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effect of blade number on both power output and starting capability. Although both the power and torque coefficient were improved significantly by the optimisation of the blade number, there was only a slight change when the blade number was greater than twenty. The results from wind tunnel testing also showed excellent starting capability with a starting wind velocity as low as 1.6 m/s. A numerical simulation was also conducted for the wind turbine working under non-uniform flow conditions. The numerical results have shown that the peak power coefficient of such a wind turbine under non-uniform flow, was lower than that under the uniform flow. Additionally, the applied thrust on a blade was subject to frequent and periodical changes. However, the effect of the change of thrust in magnitude and frequency was not significant. Therefore the omni-flow wind turbine has the potential to meet the challenge of unpredictable wind velocity and direction as a consequence of the urban environment.
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Introduction
Due to concerns on global warming and depletion of fossil fuels, renewable energy resources, especially wind energy, are receiving increasing attention in both academia and industries. A wind turbine is the energy conversion device to capture wind energy and translate that energy into electrical power. Large scale wind turbines are those with a rotor diameter larger than 5m [1] . Most modern large wind turbines are horizontal axis wind turbines (HAWTs) with two to three blades. Small wind turbines have been popular recently due to opportunities for local off-grid applications. Compared to large wind turbines that are employed for grid mainstream power generation, small wind turbines that function as distributed electricity generators can reduce the power losses in electricity transmission over long distances.
In the U.K., approximately 50% of energy consumption is in the building sector [2] . The UK Government has set a target of 80% carbon reduction by 2050 against a 1990 baseline [3] .
The wind turbine integrated building is one of the emerging technologies that could provide substantial renewable energy and reduce CO 2 emission [4, 5] . There is an abundance of wind energy at the top of tall buildings for exploitation [6, 7] . Small wind turbines could be made suitable to be constructed on the top of buildings and provide electricity. However, conventional wind turbines have not been widely employed in an urban environment because of the limitation of existing wind turbine technologies and complex wind conditions in urban areas. Typically, due to low wind velocities in an urban area, a wind turbine requires a good starting capability [8] . A working noise is also one of key issues that wind turbines have not yet found a wide application in urban areas [9] .
A novel omni-flow wind energy system was proposed for urban areas [10] . The aerodynamic characteristics of such a wind energy system was studied by Zhang [11] who performed computational fluid dynamics (CFD) analyses and experiments. Fig. 1 shows the 3-D model of this system. The system consists of five chambers, which are located along the 3 circumference of the shroud and form a vertical passage for entrainment of flow of the incoming wind. The omni-flow wind energy system was designed to better receive approaching wind from all directions, and to effectively transmit the wind to the air turbine located downstream. With this feature, the omni-flow wind energy system can cater for a wide variety of varying wind conditions. The velocities of the approaching wind can also be significantly accelerated due to the contraction of the nozzle structure. However, since the air flow only passes through one or two of the five chambers at any given time, as shown in Fig.1(b) , the flow velocity distribution in front of the turbine is not uniform. The blades are under different flow velocities and as a consequence, undergo different aerodynamic loads during one operation cycle. Therefore it is difficult for a wind turbine with conventional thin blades to accommodate the flow conditions in the omni-flow wind energy system. It appears that the researches about a wind turbine have been focused on uniform flows [1, 12] although a wind turbine under a non-uniform flow condition has yet to be studied. In recent papers [13, 14] , it has been suggested that an impulse turbine has the potential to operate well under the variable air flow velocities in the marine environment. In the research field of wave energy, the impulse turbine has proven to be the best type of air turbine for both power generation and starting capability [15] . Considering these features, the impulse turbine principles appear attractive to the omni-flow wind energy system. However, there is little information on whether impulse turbine principles could be applied to a wind turbine.
The aim of this paper is to numerically investigate the aerodynamic features of a novel wind turbine based on impulse turbine principles. Under the conditions of both uniform and non-uniform flow, the numerical approach that was validated with wind tunnel experiments, has been used to study the power coefficient and torque coefficient. Additionally, other aerodynamic parameters of the wind turbine have been included in the study. Moreover the effect of blade number on the power coefficient and torque coefficient was also investigated.
It is evident that this new wind turbine proposed in this paper has the potential to meet the requirements working with low noise and good starting capability in urban areas. The blades on the rotor used an aerofoil of the type found in a unidirectional impulse turbine. The rationale for using this type of blade aerofoil, was that it has the best power performance compared with other blade aerofoils in wave energy [16] . Based upon the sketch from Maeda et al [17] , a further change of the blade aerofoil has been incorporated.
Compared with conventional HAWTs, the omni-flow wind turbine employs a larger hub-totip ratio, which is defined as the hub diameter over blade diameter. The amount of the maximum aerofoil camber takes a 36% of the chord which is also larger than 0-6% of commonly used NACA aerofoils [18] .
Aerodynamic analysis of the wind turbine
The omni-flow wind turbine was analysed by the blade element method, which is commonly used for the calculation of aerodynamic loads on blades and the power output of a wind turbine [19, 20] . This method refers to an analysis of forces at a section of the blade. For this wind turbine, the wind velocity diagram is shown in Fig. 3(a) . is the free-stream wind velocity, 1 is the velocity of the flow after passing guide vanes, represents the tangential 5 velocity of a blade at the radius r of an element and W is the relative wind velocity. The relationship between these velocities is shown below:
The relative wind velocity is lower than the velocity of the flow after passing guide vanes.
Force diagram of the blade aerofoil is shown in Fig. 3 (b).
(a) flow velocities (b) force diagram The tangential force on the blade element can be expressed as
and the axial force, can be given by,
where and represent lift and drag respectively, and is the angle between the relative velocity and the rotating axis. It should be noted that both lift and drag forces contribute to the tangential force in this case as such wind turbine is driven by dual forces: lift and drag.
The torque T on an element can be calculated as follows:
where N denotes the total number of blades.
The power output P on an element can then be expressed as
where is the angular speed of the rotor.
Experimental apparatus
Experimental studies were carried out in a closed return wind tunnel at the University of wall. The gap between the blade tip and chamber wall was to accommodate the safe installation of the rotor within the chamber. The 2 mm clearance was approximately 1% of the rotor radius. It is accepted practice that a clearance of 1% has a negligible influence on the performance of an impulse turbine [21] . Fig. 4 also shows the test rig and its primary measurement system that was utilised in this study. The torque applied on the turbine shaft was measured by a torque transducer (Datum M420), which had a test range from 0 Nm to 10 Nm (measurement accuracy within 0.1%).
Rotational speeds of the wind turbine were also obtained from the torque transducer and the maximum rotational speed of the transducer was 5000 rpm. A pair of spur gears was used to transmit the torque from the shaft of the wind turbine to the shaft of the torque transducer.
The shaft of the turbine was supported by house bearings. A DC motor was connected to the torque transducer to generate a load, which was adjusted by changing the current in the motor.
Fig. 4. Test rig within the wind tunnel test section.
The power loss through the bearings and gears in experiments has been considered. An average value of the error in power output was about 1% caused by bearings and 1.6% by gears. Hence, the total error can be calculated as Total error = √1% 2 + 1.6% 2 = 1.9%
Since this wind turbine was tested in a closed test section, the blockage effect was considered by a suggested approach [22] and the correction factor is about 0.03 for the flow velocity inside the tunnel. Therefore, flow speed inside the test section can be expressed as
Numerical principles and computational techniques
The present computational study was conducted using Finite Volume Method (FVM).
The air flow was assumed to be incompressible. The governing equations consisted of the continuity equation and momentum equation [23] :
Continuity equation
where denotes the fluid density, t is time and ⃗ denotes the velocity vector.
Momentum equations
x-momentum
y-momentum
where u, v and w are the components of the velocity vector ⃗ in x, y and z directions, respectively, is the dynamic viscosity of the fluid, is the pressure, and is the momentum source term to account for the viscous stress.
Due to computational resources, four two-equation turbulence models based on the Reynolds-averaged Navier-Stokes equations were considered to choose. The standard k- turbulence model is the most widely used two-equation turbulence model due to its reasonable accuracy for a variety of applications. However, this turbulence model has a poor performance in some important cases such as rotating flows [23] . Realizable k- model is an advanced k- model [24] . It is possible to produce a better performance for the flows involving rotation, separation and recirculation. The realizable k- model is one of the most successful recent developments in the k-model family [25] . Standard and realizable k- models can utilise a two-layer treatment in the near-wall region to reduce grid dependence and to improve numerical stability [23] . Apart from the family of k- models, the standard kmodel is another prominent two-equation turbulence model. The standard k-model does not require wall-damping functions in low Reynolds number applications [23, 26] . The nearwall performance of the standard k- model is unsatisfactory for boundary layers with adverse pressure gradients, hence a Shear Stress Transport (SST) k-model developed from k- 8 model, was proposed [23, 27] . The SST k-model can provide more accurate and reliable results than the standard k-model in a wide range of applications [28] . Four turbulence models, standard k-, realizable k-ε , standard k-and SST k-models, all have been employed for wind turbines and impulse turbines [5, [28] [29] [30] . In order to assess the best numerical configuration, the performance of four turbulence models would be validated with wind tunnel tests. 
The convergence to the final steady-state was assessed with a maximum amount of 2000 iterations, which was always sufficient to reach the final computed residual of 10 -4 .
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Due to the complex geometry, unstructured polyhedral cells were suitable and employed in meshing [25] . In order to obtain the dimensionless wall distance + < 5, the distance of the first grid layer from the blade was 0.15 mm and total 8 layers were generated with a growth rate of 1.5 [23, 32] . Fig. 6 shows the section view of the meshed model. A mesh independency test was conducted with a cell number ranging from 3,300,000 to more than 7,000,000. As shown in Fig. 7 , when the cell number exceeded 6,000,000, the resulting difference between fine cells and coarse cells was less than 0.1%. Therefore, all cases in this study had around 6,000,000 polyhedral cells. 
Results and discussion
Three-dimensional steady, turbulent incompressible simulations with the MRF to represent the rotor motion were carried out. Aerodynamic features of this wind turbine model 11 were analysed in a range of tip speed ratios. The power coefficient, torque coefficient and thrust coefficient were presented quantitatively to illustrate the performance of this wind turbine under different conditions.
The power coefficient ( ) can estimate the capability of power generation for a wind turbine and is defined as the ratio of the shaft power (P) from a wind turbine to the power available from wind [18] :
Torque coefficient ( ) is used to assess the mechanical torque generated by the wind turbine. Wind turbines with higher value of can start and work at lower wind velocity [34] .
Torque coefficient is defined as [35] :
Apart from the tangential force, there is an axial force or thrust acting on a blade, as shown in Fig. 3(b) . A dimensionless term, thrust coefficient, can be used to estimate the thrust of a wind turbine [20] , shown below:
Comparison of numerical results with the wind tunnel test results
Fig . 9 shows the experimental results of this wind turbine under different flow velocities within the wind tunnel. It can be seen that at a given flow velocity of 8.2 m/s the output torque varies with the rotational speed of the turbine. With an increase of the rotational speed the torque decreased gradually and the maximum torque is about 0.28 Nm. The maximum torque occurred when the wind turbine was stationary. As shown in Fig. 9 , the errors of measurement were about 1.9%. The numerical simulations were conducted with several turbulence models and the simulation results were compared with experimental data to validate the numerical approach. Four turbulence models, standard k-, realizable k-, standard k-ω and SST k-ω turbulence models, were evaluated for the wind turbine model with 20 blades and under the condition of uniform flow. The wind turbine model in simulations had the same dimension as the experimental prototype. Based upon the values of torques shown in Fig. 9 , an experimental power coefficient was calculated by Eqs. (5) and (11) and presented in Fig. 10 . with the experimental ones across the whole range of tip speed ratios. With the tip speed ratio exceeding 0.5, the power coefficient resulted from the SST k-model is about 6% higher than the experimental one. Maximum power coefficients from both the realizable k-ε model and the standard k-model correlated well with the maximum power coefficient from the experiment. It is suggested that the numerical approach with realizable k-ε model can provide reliable results and thus was employed for the rest of this study. The results in Fig. 10 also show that the C p - curve was nearly symmetric at the tip speed ratio of 0.6 and the maximum C p was obtained at this tip speed ratio. As shown in Fig. 11 , the range of tip speed ratio values was from 0.1 to 1.2 which was smaller than that of HAWT. These low tip speed ratios are dependent upon the velocity relationship as shown in Fig. 3(a) . The small range of tip speed ratios means that the omniflow wind turbine works at low rotational speeds and as a result, with a low level of noise [9] .
Irrespective of the number of blades the tip speed ratio was approximately 0.6 which yielded the highest power coefficient for each blade number. HAWT the maximum C T is lower than 0.1. It is possible to conclude that this turbine has good starting capability. to rotate with a rotation speed of 15 rpm at the lowest wind velocity of 1.6 m/s, demonstrating the excellent starting capability of this novel device. It is well known that the available wind blowing in urban areas has low wind velocity. It is reported that in Great London urban area, only 27 % of that area has a wind velocity exceeding 4 m/s [8] . It is possible to conclude that in urban areas, the omni-flow wind turbine with the advantage of an excellent starting capability can capture wind energy with low wind velocities.
Fig. 14.
Experimental maximum rational speeds versus starting wind velocities.
The thrust coefficient distribution of this wind turbine with different blade numbers versus the tip speed ratio is shown in Fig. 15 . It can be seen that the thrust coefficient increases with tip speed ratios and blade numbers. The maximum thrust coefficient of this wind turbine was approximately 0.3, which was much smaller than about 1 of a HAWT [18] .
Solidity is defined as the total blade area divided by the blade swept area [20] . It is accepted knowledge, that the larger the solidity of a wind turbine, a higher thrust coefficient is produced [18] . Calculations have shown that the turbine model with 25 blades or 30 blades had a solidity of greater than 1. By comparison, a general 3 blades HAWT possesses a solidity of about 0.1 [20] . However, as shown in Fig. 15 , the high solidity of this wind turbine was not associated with a great thrust coefficient. This means that the bending moment applied to the blades from the thrust is much smaller than that of a conventional blade. It is suggested that the effect of thrust is small. As discussed in this section, this new wind turbine has two unique features: low working noise and good starting capability, compared with conventional wind turbines. This suggests that this wind turbine has the potential to be employed in urban areas [36] . This new wind turbine can be integrated with the omni-flow wind energy system as shown in Fig. 1 and is suitable to be installed on the tops of buildings [10, 11, 37] . Compared with some wind turbines [38] , this wind turbine can be driven by omni wind flows with an aid of the omniflow wind energy system. Moreover, the turbine works inside a shroud of the system, which can contain a possible damage from a blade fail-off. It appears that this wind turbine with non-uniform flow has a range of peak power coefficients from 0.06 to 0.12, which is reduced by 29% -65% compared with maximum shown in Fig. 11 . And the range of tip speed ratios decreased to less than 1. There was no change for the model with 40% entrance area on the maximum C T . However, it is noted that the omni-flow wind energy system could result in accelerating the approaching flow and then guided flow through the wind turbine. Therefore, if whole system is considered, a system that couples an omni-flow wind energy system and this wind turbine, then the combined result has the potential to produce a larger output power and an improved starting capability [37] . of the thrust increased with a larger tip speed ratio. The thrust force can generate a bending moment on a blade as shown in Fig. 3(b) . Due to the small values of the thrust, the bending moments generated on the blades are also fairly small. The thrust on a blade is not constant during one operation cycle. It is noted that during one operation cycle, each blade experiences a significant change of thrust twice. For the wind turbine model with 40% entrance area, the rotational speed at the maximum is around 300 rpm. It was calculated that the thrust change frequency was 10 Hz. For the wind turbine model with 20% entrance area, the thrust change frequency was about 8 Hz. Based upon the definition of tip speed ratios, the frequency of the thrust change would decrease with the increase of the rotor radius. When the wind turbine has a rotor radius of 1 m, the thrust change frequency would be decreased to 1.5 Hz.
Effect of non-uniform flow on the aerodynamic behaviour of the turbine
Due to the definition of the dimensionless thrust coefficient, the maximum thrust on a blade is about 1.4 N when the rotor radius is 1 m. It can be suggested that magnitude and change frequency of the thrust are marginal.
Conclusions
An aerodynamic investigation of an omni-flow wind turbine designed for urban areas has been carried out with both numerical and experimental methodologies. Based upon the results and discussion, the following conclusions can be drawn:
1) Four turbulence models in CFD simulation have been studied. The simulation results of this novel wind turbine from the realizable k-ε turbulence model achieved a good correlation with the experimental data from wind tunnel tests.
2) The effect of the blade number on power coefficient was studied numerically with the 4) The performance of this wind turbine under non-uniform flow was investigated. The maximum power coefficient of this wind turbine with 20% -40% non-uniform flow entrance area was 0.06 -0.12 which was lower than that under uniform flow by 29% -65%. 20 5) A study of load distribution of this wind turbine under non-uniform flow showed that the thrust applied on a blade changed through a rotational period. However, the influence of the thrust change in magnitude and frequency is marginal.
